Review of research and methods for measuring the loudness and noisiness of complex sounds by Kryter, K. D.
I 
N A S A   C O N T R A C T O R  . "' -4 
R E P O R T  
N 
N 
d 
e 
U 
I 
REVIEW OF RESEARCH AND METHODS 
FOR MEASUKING THE LOUDNESS AND 
NOISINESS OF COMPLEX SOUNDS 
Prepared under Contract No. NASw-1102 by 
BOLT  BERANEK A N D  NEWMAN, INC. 
Cambridge, Mass. 
for 
N A T I O N A L   E R O N A U T I C S   A N D   P A C E   A D M I N I S T R A T I O N  W A S H I N G T O N ,   D .  C. e A P R I L  1 9 6 6  
https://ntrs.nasa.gov/search.jsp?R=19660011809 2020-03-16T22:28:00+00:00Z
- 
TECH LIBRARY KAFB, NY 
REVIEW OF RESEARCH AND METHODS FOR MEASURING THE 
LOUDNESS AND NOISINESS OF COMPLEX SOUNDS 
By Karl D. Kryter 
Distribution of this  report is provided i n  the  interest of 
information exchange. Responsibility for the contents 
resides in the author o r  organization  that  prepared it. 
Prepared under  Contract No. NASw-1102 by 
BOLT  BERANEK  AND  NEWMAN, INC. 
Cambridge, Mass. 
for 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
For sole by the Clearinghouse for Federal Scientific and Technical Information 
Springfield, Virginia 22151 - Price $0.85 
REVIEW OF RESEARCH AND METHODS FOR MEASURING THE 
LOUDNESS AND NOISINESS O F  COMPLEX SOUNDS 
by Karl D. Kryter* 
Bolt Beranek and Neman Inc, 
SUMMARY 
A detailed review of the research and concepts underlying 
the eva lua t ion  of the s u b j e c t i v e  a t t r i b u t e s  of the loudness and 
nois iness  of  complex  sounds is presented. Knowledge about the 
a t t r i bu te  o f  l oudness  has reached the s tage  where two procedures 
f o r  the c a l c u l a t i o n  of the loudness of a complex sound from 
purely physical measurements (octave, one-half octave, or one- 
t h i r d  octave band spectra) have been proposed for standardiza- 
t i o n  on an  in t e rna t iona l  basis. The methods are those proposed 
by Stevens and by Zwicker. 
It i s  proposed tha t  the perceived nois iness  or  "unwanted- 
ness" of a sound is more important t o  the evaluation of man's 
noise  environment  than i s  loudness. The following  physical  and 
temporal aspects o f  a sound, l isted in order  of  importance,  
have been found t o  i n f l u e n c e  how people will i n  e n e r a l  ra te  
i t s  subjec t ive   no is iness :  1) i n t e n s i t y   l e v e l ,  28 spectrum 
shape and bandwidth, 3 )  spectral  complexi ty  (presence of  one 
o r  more pu re  tones  in  a band of random noise),  and 4) duration. 
Various methods have been developed for calculating the per- 
ceived nois iness  of  complex sounds from ei ther  one-third octave 
o r  f u l l  o c t a v e  band spectra.  National and international stan- 
dards have been proposed t o  use  perce ived  noise  leve l  in  PNdEI 
far the evaluat ion of  a i rcraf t  noise .  Addit ional  procedures  
are ten ta t ive ly  proposed  for  modi fy ing  ca lcu la t ions  of  PNdB 
l e v e l s  t o  take into account  the effects  of  pure tones and 
dura t ion  upon the perceived nois iness  of  complex sounds. 
INTRODUCTION 
With the advent of problems related t o  i n c r e a s e d  dissatis- 
f a c t i o n  with noise  i n  the community, home, and of f ice ,  acous t i -  
ca l  eng inee r s  and psychologis ts  suggested that  the ranking  or  
r a t i n g  o f  the a c c e p t a b i l i t y  of real-l ife sounds be made i n  terms 
of t h e i r  loudnesses. The tac i t  assumpt ion  was made that, o the r  
things being equal ,  the louder a sound is, the more unacceptable 
it is. While t h i s  i s  undoubtedly  true, it overlooks the possi-  
b i l i t y  that  o t h e r  b a s i c  a t t r i b u t e s  of a sound, such as pi tch ,  
complexity, etc., might i n t e r a c t  with loudness t o  produce 
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different judgments of acceptabi l i ty  than loudness  a lone.  
Indeed, as we shall  see later, such an interact ion does appar- 
en t ly  t ake  p l ace .  
I n  o r d e r  t o  r e v i e w  the research  leading  up t o  the present  
methods for measuring the no i s ines s  of complex sounds, we first 
review some of the concepts and studies underlying the develop- 
ment of  methods f o r  r a t i n g  the loudness of sounds.  Following 
t h i s  we present  a similar review associated with the methods 
for  ra t ing  perce ived  nois iness .  F ina l ly ,  the  resu l t s  of  judg-  
ment tests f o r  v a l i d a t i n g  some of t h e  methods fo r  e s t ima t ing  
loudness and noisiness are described. 
LOUDNESS 
There  a re  three  bas ic  re la t ions  ( ignor ing  tempora l  fac tors )  
t o  be  es tab l i shed  before  one can adequately depict the percep- 
t u a l  a t t r i b u t e  c a l l e d  " l o u d n e s s "  i n  terms of  physical  aspects  
of  the acoust ic  s t imulus:  
1. What i s  the  re la t ive  loudness  of  tones  of frequency 
bands of sound of different frequencies,  i.e., what adjust-  
ments i n  i n t e n s i t y  l e v e l s ,  i f  any, a r e  r e q u i r e d  t o  make 
each tone,  or  band of frequencies,  in the aud ib le  f r e -  
quency range appear t o  be  subjec t ive ly  equal ly  loud  to  
each other? 
2. How does loudness grow as the bandwidth of t he  sound 
spectrum I s  widened, i.e.,  as one adds toge the r  s eve ra l  
tones or narrow frequency bands of sound that are equal ly  
loud, what happens t o  t o t a l  l o u d n e s s ?  
3 .  What is  the func t iona l  r e l a t ion ,  fo r  a given sound, 
between sound pressure level and loudness, i.e., a t  what 
r a t e ,  upon some numerical  scale ,  does the loudness  of  a 
sound grow as i ts  p h y s i c a l  i n t e n s i t y  i s  increased? 
The Dependence of Loudness on Frequency 
Fletcher and Steinberg (ref. 17), S t e i n b e r g  ( r e f  . 92) and 
Fle tcher  and Munson ( r e f .  18) appea r  t o  have made the  first 
major attempts to define and measure loudness.  Fletcher and 
Munson defined loudness as the "magnitude" of a sound and 
assumed that the loudness was p r o p o r t i o n a l  t o  t h e  number of 
impulses  leaving the cochlea upon s t imulat ion.  Fletcher  and 
Munson specified a 1000 cps tone as the standard sound against  
which o ther  tones  would be judged for loudness.  Stevens (ref .93) 
l a te r  suggested that  the uni t  of  loudness  be c a l l e d  the sone, 
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and  that  one  sone  be  ascribed  to a 1000 cps tone  set  at a sound 
pressure level of 40 dB.* The  sone  scale,  which  will be dis- 
cussed  more  fully  later,  is  such  that a sound twice  as  loud as 
a souqd of 1 sone  is  given a value of 2 sones,  four  times  as 
loud As called 4 sones,  etc. 
Eaual  loudness  contours. - Fletcher  and  Munson  (ref. 18) 
found  the sound pressure  levels  required  for  pure  tones  over 
most  of  the  frequency  range in order  that  they  be  judged  equal 
in loudness  to a 1000 cps  reference  tone  set  at a specified 
sound pressure  level;  the  results  are  called  equal  loudness 
contours  for  pure  tones. 
A number of  other  investigators  have also determined  equal 
loudness  contours for pure  tones  as  well as bands of noise, 
using a tone  or  band of noise  centered  at 1000 cps  as a refer- 
ence sound against  which  other  sounds  are  judged.  Stevens 
(refs. 94, 95) summarized  the  work of these  investigations  and 
also  determined  equal  loudness  contours  for  tones and bands of 
noise. 
The  various  loudness  contours  have  their  differences  and 
their  similarities  as  shown in figure 1. Robinson  and  Whittle, 
who  have  made  careful  studies of the  loudnesses of pure  tone 
and  octave  bands  of  noise,  recently  proposed  that  the  differ- 
ences, at  least f o r  the  octave  band  contours,  be  reconciled by 
simply  averaging  the  contours  obtained by Stevens  (ref. 95) ,  
Cremer  et a1 (ref . ll), Robinson  and  Whittle  (ref . 87), and a 
set of contours  calculated  according  to a method  recent1  pro- 
posed by Zwicker  (refs. 108, 109) ( t o  be  discussed  below T . For 
most  loudness  levels  the  empirically  determined  loudness  level 
contours  (Stevens,  Cremer  et  al,  and  Robinson  and  Whittle)  agree 
with  each  other  reasonably  well.  Zwicker's  calculated  contours 
tend t o  diverge  from  the  others.  The  result of the  averaging 
proposed by Robinson  and  Whittle  is  shown in figure 2. Jahn 
(ref . 35) has  published  data,  for a few  subjects  who  judge  the 
* Throughout  this  document sound pressure  levels will be ex- 
pressed in decibels (dB) re 0.0002 microbar,  where 
dB = Pressure 2o loglo Pressureref 
3 
loudness of some octave bands of noise a t  low loudness levels,  
that  agree fa i r ly  well with the Robinson and Whittle averaged 
contours," 
I n v e s t i g a t o r s  have attempted t o  f i n d  " c o r r e c t i o n "  f a c t o r s  
that  can be used for converting equal loudness contours obtained 
with f r o n t a l  i n c i d e n t  sound i n  a f r e e  ( a c o u s t i c a l l y  non- 
reverberant )  f ie ld  and those  obta ined  in  a more o r  less d i f f u s e  
or  reverberant  room. The latter condition, while somewhat 
harder t o  s p e c i f y  a c o u s t i c a l l y ,  i s  probably more representa-  
t i v e  of everyday l is tening condi t ions,  Figure 3, taken from 
Robinson and Whi t t le  ( re f  . 87), shows the  differences found,  
as a funct ion of frequency, between these two l i s t e n i n g  
condi t ions.  
Stevens' method for  the  ca lcu la t ion  of  loudness .  - Equal 
loudness contours whether for t3we tones or  bands o f  no i se  a re  
of  somewhat academic i n t e r e s t  &less they can somehow be used 
f o r  e v a l u a t i n g  the loudness of complex noises and sounds found 
i n  r e a l  l ife.  Steinberg,  and la te r  F le t che r  and Munson, pro- 
posed a procedure  for  ca lcu la t ing  from physical measurements 
the loudness of a complex sound cons i s t ing  of a number of tones. 
Their method, however, was not  much used because of i t s  com- 
p l ex i ty ,  p lus  the f a c t  that  the sounds of g r e a t e s t  p r a c t i c a l  
i n t e r e s t  t e n d  t o  be broad-spectra sounds and not pure tones,  
and la ter  Beranek e t  a1 ( r e f .  2 7 proposed that a simple sum- 
mation of the loudness in sones of octave bands of sound ( i t  
was assumed that an octave band of random noise having the  same 
o v e r a l l  SPL as a pure tone of the same center frequency would 
be equal ly  loud)  would g ive  a reasonable approximation t o  the  
perceived loudness of a complex sound cons is t ing  of  one o r  
more octave bands of random n o i s e .  I n  a d d i t i o n  t o  the equal 
loudness contours for octave bands of random noise, Stevens 
(refs. 95,97) also publ ished new procedures  to  be used for  
eva lua t ing  the total  loudness  of  broad,  cont inuous spectra  
sounds. Stevens demonstrated that  h i s  method was more accurate  
i n  p r e d i c t i n g  the judged loudness of complex sounds consisting 
of bands of random noise  than  the method of simply adding 
toge the r  the sone values of individual bands. 
Gates [comments i n  p a p e r  b Churcher and King, ( r e f  8) ] 
* Pol lack  ( re f  . 69) obtained equal loudness contours for bands 
of noise using a re ference  o r  standard sound broadband white 
no i se  from 100 t o  10,000 cps instead of  a narrow band centered 
a t  1000 cps, used as the  r e fe rence  sound i n  t h e  o t h e r  i n v e s t i -  
gations of equal loudness contours of bands of noise mentioned 
above. Pol lackls  contours  tend  to  be  somewhat " f l a t t e r "  than 
the contours found when the re ference  sound is  a tone  o r  band 
of noise centered a t  1000 cps,  
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Stevens'  general  formula is to  add  to  the  sone  value of 
the  loudest  band a fractional  portion of the sum of the  sone 
values of the  remainder of the  bands: 
Loudness = Sm + f (m - Sm) 
where ZS = sones in all bands, S = maximum  number of sones 
in any one  band,  and f = fractioaal  portion  dependent on 
bandwidth. 
Stevens  derived  the  fractional  portion  to  be  applied  when 
the  spectra of the sound was  measured in either  full (f = O.3), 
one-half (f = 0.2), or third (f = 0.15) octave  bands. 
ing  loudness  and  named  this  new  method  "Mark VI. Mark VI has 
been  adopted by the  American  Standards  Association  as  the 
procedure  to  be  used  for  the  calculation of loudness of noise 
measured in either  octave,  one-half  octave, or one-third  octave 
bands.  The  procedures  and  formulae for the  calculation of 
loudness,  Mark VI, is  the  same  as  that in the  Stevens? 1957 
article,  except  that individual band  values of loudness  are 
found  from a graph  depicting  loudness  index (I) contours  that 
are  slightly  different  than  equal  loudness  (sone)  contours. 
Stevens  (ref. 99) slightly  modified  his  method of calculat- 
As aforementioned a tone  that is the  same  loudness  as a 
reference  tone of 1000 cps  is  given a value of 3 sone  when.  the 
reference  sound  has a sound  pressure  level of 40 dB re 0.0002 
microbar. In the  original  Stevens 1 (1957) procedure  for 
calculating  the  loudness of bands of noise,  the  bands of noise 
were  equated  to  this 1000 cps  reference  tone -- for example, 
the  octave band 600-1200 cps at a sound  pressure  level of about 
38.5 dB has a loudness of 1 sone; in the  Mark VI modification 
the  same  band  at 34.5 dB is given a loudnes8  index of 1, 
which  is  equivalent  to 1 sone. 
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It  has  become  practice,  however,  to  express  the  loudness 
of a sound in terms of the  sound  pressure  level in dB of the 
reference  sound  rather  than i units of loudness, or sones. 
The  result  is  called  loudness  level in "phons, I' the word phon 
being  used in place of the  mathematically  equivalent  decibel 
to  indicate  that  thts m l t  is a ratio  which  has  been  derived 
from  psychological  units,  sones,  and  not  directly  from  physical 
measurements of sound  pressure;  further,  the phon is obviously 
not, as defined  above, 20 log of the  ratio  of  two  loudnesses, 
as  the  decibel,  when  applied  t& sound  pressures, is 20 loglo 
of the  ratio of two  sound  pressures. 
The In te rna t iona l  Organiza t ion  for  S tandard iza t ion  (ISO) 
has recommended Mark V I  as the  method t o  be used  for  ca lcu la t ing  
the loudness of sounds measured with octave band f i l t e r s  and 
Zwicker's method ( t o  be described below) when the sounds are 
measured with 1/3 octave band f i l t e r s  ( r e f .  33). 
Zwicker 's  method.for calculating loudness,  - As afore-  
m e n t i m l e t c h e r  and Munson suggested that loudness i s  pro- 
p o r t i o n a l  t o  the number of nerve impulses per second reaching 
the b r a i n  from the exci ted audi tory nerve fibers. Further,  
they noted tha t  the masking of one tone by another would i n t e r -  
f e r e  with simple loudness summation and tha t  it must be neces- 
s a r y  t o  "group together a l l  components within a c e r t a i n  f r e -  
quency band and t reat  them as a s i n g l e  component," and that 
the width of these "grouping together" bands i s  e s t ima ted  to  
be 100 cps for  f requencies  below 2000 cps, 200 cps wide between 
2000 and 4000 cps and, 400 cps wide between 4000 and 8000 cps. 
From sub jec t ive  tests of loudness and masking, Zwicker, 
F l o t t o r p  and Stevens (refs, 107,112) determined the frequency 
groupings "frequenzgruppen," tha t  take place in  the cochlea of  
the ear (see Table 1); these frequenzgruppen are sometimes 
referred t o  as " c r i t i c a l  bands. 11 
Zwicker determined the spread of masking for narrow bands 
of noise,  the th re sho ld  o f  aud ib i l i t y  of pure tones, and the 
change i n  l e v e l  o f  a 1000 cps  tone  to  obta in  a doubl ing (or  
halving) of loudness. H i s  r e s u l t s  on the growth of loudness 
are similar t o  t h o s e  found by Stevens (ref. 96) and Robinson 
( r e f ,  8 2 ) ;  his data for spread of masking for narrow bands of 
noise  are more o r  less, as far as can be determined from h i s  
publ ished resul ts ,  l ike  the spread-of-masking data obtained by 
Egan and Hake, ( r e f ,  12) and Carter and Kryter ( ref ,  6 ) .  
Zwicker's assumption tha t  t h e r e  is  a functional correspondence 
between masking and loudness i s  wel l  subs tan t ia ted  by data on 
t h e   c r i t i c a l  bandwidth of the ear. 
Zwicker, on the basis of these concepts, developed a very 
d i r e c t  and ingenious method f o r  d e p i c t i n g  and ca l cu la t ing  the  
loudness  of a complex  sound (refs.  108,109).  For  calculation 
purposes he prepared ten graphs (ref .  log)  (covering both 
diffuse and free f i e l d  c o n d i t i o n s )  similar t o  the sample shown 
i n  figure 4 i n  which the  absc i s sas  were marked o f f  i n  equa l  
frequenzgruppen (approximated for practical  purposes by 1/3 
octave steps above 280 cps), and the v e r t i c a l  d i v i s i o n s  f o r  
each l/3 octave are, in  loudness  units, propor t iona l  t o  sones. 
The short-dashed curves i n   f i g u r e  4 show the area covered by 
the upward spread of masking. 
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Plo t t ing  a sound spectrum on Zwicker*s graph and drawing i n  
the l ines f o r  spread of masking are supposed t o  show, i n  essence 
what proportion of available "nerve impulse units" are made opera- 
t i v e  as the resul t  of exposure of the ear t o  a given sound;  ac- 
cordingly,  t h i s  area on the graph i s  p r o p o r t i o n a l  t o  t o t a l  l o u d -  
ness. A planimeter i s  supposed t o  be used f o r  measuring the area 
encompassed by a given sound as p l o t t e d  on one of Zwicker's graphs, 
although the area can a l s o  be estimated w i t h  reasonable accuracy 
by v i sua l  i n spec t ion  of the area of the p lo t .  
Zwicker de f ines  as .1 sone the area encompassed on h i s  graph 
by a one-third octave band of noise  centered a t  1000 Hz (cps)  a t  
a sound p res su re  l eve l  of 40 dB including the add i t iona l  area en- 
compassed by the dashed curve that  takes in to  account  the upward 
spread of loudness (masking). 
It should be noted a t  t h i s  po in t  that i n  S t e v e n s '  Mark V I  
method, e i t h e r  a one- th i rd  oc tave  or  fu l l  oc tave  band of noise  
centered a t  1000 cps a t  a l e v e l  of 34.5 dB would have a loudness 
index of 1.0. We shall  see i n  a la ter  s e c t i o n  of t h i s  r e p o r t  
that  because of t h i s  and other difference between the Stevens 
and  Zwicker  methods, the  loudness  leve ls  ca lcu la ted  by the two 
procedures f o r  the same sound o f t en  d i f fe r  by 3 t o  5 phons. 
Zwicker's model i s  s t ra ightforward and consis tent  w i t h  experi- 
mental   fact .   Further ,  i t  does, as we shall see later,  very well 
i n  p red ic t ing  the re la t ive  loudness  of  a wide v a r i e t y  of complex 
sounds. However, because i t  requires i n  i t s  execution the p l o t -  
ting of l/3 octave band data on s p e c i a l  graph paper and, f o r  
greatest accuracy, the use of a planimeter to measure t h e  loudness 
area, Zwickerfs method has some prac t ica l  d i sadvantages  for  
general use. 
t i on  o f  t h e  "equivalent-tone-sone summation"  method suggested by 
King, Gates, and  Beranek e t  al ,  t o  take in to  account  the spread- 
of-masking and loudness effects t ha t  are acknowledged i n  Stevens' 
and  Zwicker's  schemes for   ca lcu la t ing   loudness .  Munson's proce- 
dure as he states, i s  not based on any pub l i shed  theo re t i ca l  model 
o r  experimental data and perhaps l o s e s  some appeal f o r  that  reason; 
in any event the procedures proposed by Munson are  not  as ye t  
widely used o r  val idated.  
Munson's method. - Munson ( r e f .  58) has proposed a modifica- 
The Dependence  of Loudness On I n t e n s i t y  
(Growth of Loudness) 
The studies concerned w i t h  loudness  evaluat ion discussed 
t o  this point have been concerned pr imari ly  w i t h  the loudness 
of individual  pure tones or  narrow bands of  noise  of  different  
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f r equency ,  r e l a t ive  to  the  loudness  of the  "standard" 1000 cps 
tones and the loudness of several  pure tones o r  bands of noise  
heard toge ther ,  i.e., the e f f e c t  of v a r i a t i o n s  i n  t o t a l  band- 
width of a complex  sound  upon  judged  loudness. By and la rge ,  
although there are differences in  equal  loudness  contours  found 
by var ious  inves t iga to r s ,  their shapes are in  reasonable  agree-  
ment. 
Also, although Zwlckerts method for  handl ing  the bandwidth 
f a c t o r  i s  d i f f e r e n t  t h a n  that developed by Stevens,  except for 
a constant difference of about 4 dB, t he  r e su l t s  ob ta ined  by 
these  two methods of ca l cu la t ing  the  re la t ive  loudness ,  as w i l l  
be seen la ter ,  are not too different  for  sounds having rather 
broad, continuous spectra.  
On t h e  o t h e r  hand, s ca l ing  the  growth of loudness of sound 
in to  psychologica l  units of  equal  subjec t ive  va lue  has been a 
much more con t rove r s i a l  problem. Excellent  reviews  of t h i s  work 
i n  t h i s  a rea  have been made by Stevens ( ref .  98) and Gzhesik 
(ref.  30) . 
There have been three general  methods used for scaling 
the growth of loudness of a sound, usually a 1000 cps tone, as 
a func t ion  of changes i n  sound pressure  leve l  which a re :  
1. Monaural vs Binaural  Loudness 
2. Magnitude  and  Ratio  Estimation 
3. Equal  Section o r  Equal   Interval  
Monaural vs binaural  loudness.  - The argument of the  method 
used bs Fletcher and Munson. which followed from t h e i r  assum- 
t i o n  that loudness was p r o p o r t i o n a l  t o  t h e  number of  audi tory 
nerve impulses reaching the brain,  was tha t  the same sound 
d e l i v e r e d  t o  t h e  two ears should appear t o  be twice as loud as 
when presented only t o  one ear .  F le tcher  and Munson found that 
the level  of  the monaural ly  presented tone had t o  be set about 
10 dB h ighe r  i n  l eve l  t han  the  l eve l  of a b inaura l ly  presented  
tone. Thus, they  concluded tha t  over a t  l e a s t  t h e  middle  range 
loudness levels,  subjective loudness about doubles for each 
10 dB i n c r e a s e  i n  the sound pressure  leve l  of  a sound. 
Reynolds  and  Stevens ( re f .  77) found that  the loudness 
sca le  for  monaura l  l i s ten ing  was somewhat d i f f e ren t  t han  the  
loudness  sca l e  fo r  b inau ra l  l i s t en ing ,  i nd ica t ing  that the 
Fletcher and Munson assumption about the summation of loudness 
from the  two e a r s  was l e s s  t h a n  p e r f e c t  a t  l e a s t  a t  some l e v e l s .  
However, Hellman and Zwislocki  la ter  found near ly  perfect ,  with- 
i n  expe r imen ta l  e r ro r ,  i n t e rau ra l  summation of loudness, as 
shown i n   f i g u r e  5 . 
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Magnitude and r a t io  e s t ima t ion .  - Although some doubt the 
genera-l-validTty -of the assumption of the adda t iv i ty  of loud- 
ness  from the two ears i n  terms of number of nerve impulses, 
the monaural vs  b inaura l  equal  loudness  sca le  i s  very similar 
t o  the average of those developed la te r  on the basis of magni- 
tude est imat ions of loudness .  In  this l a t t e r  method the sub- 
j e c t s  a s s i g n  a number, say 100, t o  a tone at ,  say, 100 dB SPL; 
they are  then  asked t o  a s s i g n  the number 50 to the tone when 
it sounds half as loud as it did a t  100. Another  method of 
est imat ion i s  that of es t imat ing  loudness  ra t ios  or  f rac t ions  
( r a t i o  e s t i m a t i o n  or judgment); here the  sub jec t s  may ad jus t  
the l e v e l  of a t o n e  u n t i l  it is, say, one-half or one-tenth,  
o r  twice ,  e tc . )  as loud as a standard of  reference level .  
Resul t s  of  s tud ies  by var ious  inves t iga tors  us ing  the 
magnitude estimation and r a t i o  judgment methods d i f f e r  rather 
widely.  Garner (refs.  25,28) be l ieves  the d i f f e rences  among 
the resul ts  of  experiments  on  judgments of loudness  f ract ions 
( r a t i o  judgments)  are  due i n  p a r t  t o  " c o n t e x t  e f f e c t s . "  That 
is, a loudness judgment  depends on whether or not the subjec t  
knows the f u l l  r a n g e  o f  l e v e l s  a v a i l a b l e  to him ( a  subjec t  will 
g ive  d i f f e ren t  judgments  about what appears half as loud when 
he knows the t o t a l  r a n g e  o f  l e v e l s  a v a i l a b l e  t o  him f o r  judgment, 
than when he does  not ) .  In  most s tud ies  of  loudness  f rac t ion-  
a t ion ,  t he  minimum or  zero loudness  i s  assumed to be threshold  
of hearing, a rather inexact  and ind iv idua l i s t i c  va lue  tha t  
would change the genera l  "contex t"  of  leve l  Fange a v a i l a b l e  t o  
d i f f e r e n t  l i s t e n e r s .  
Garner ( ref .  28) was able t o  t r a in  d i f f e ren t  g roups  o f  
subjec ts  ( a  t r a in ing  pe r iod  p lus  600 experimental  t r i a l s )  t o  
s t a t e  that half-loudness of  a 90 dl3 tone was either 60, 70, 
o r  80 dB depending on the r ange  o f  i n t ens i t i e s  ava i l ab le  to 
each group as a choice for  half- loudness .  These resul ts ,  how- 
ever,  have perhaps as much t o  say about the e f f e c t s  o f  t r a i n i n g  
as they do about the e f f e c t s  of context upon magnitude es t i -  
mation of loudness. 
A second and possibly more important  factor  than context  
inf luencing the r e s u l t s  of  s t u d i e s  i n  which people estimate 
loudnesses, i s  tha t  d i f fe ren t  people  apparent ly  have  d i f fe ren t  
ru les"  they  fo l low when making r a t i o  or "fraction" judgments. 
Evidence  of t h i s  va r i ab i l i t  i n  i nd iv idua l  l oudness  func t ion  
was found by Garner   ( ref .  2 31 ) by the  method of  f r a c t i o n a t i o n  
(one-ha l f ) ,  as  shown i n  f i g u r e  6. 
I1 
A t h i r d  fac tor ,  p robably  not  unre la ted  to  the second above, 
that  has caused some d i f f i c u l t y  and v a r i a b i l i t y  i n  l o u d n e s s  
es t imat ion,  i s  t h a t  numbers apparently have semantic meaning 
beyond their  s t r i c t  a r i t h m e t i c  c h a r a c t e r .  Hellman  and  Zwislocki 
(ref.  3l), using the method of magnitude estimation, obtained 
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r e s u l t s  t ha t  suggest tha t  the number 1, f o r  example,was appro- 
p r i a t e  f o r  the loudness of a 1000 cps tone a t  40 dB, and 10 
f o r  a l e v e l  of  about 70 dB as i n d i c a t e d  i n  figure 7. Figure 8 
shows the d i f fe ren t  loudness  sca les  found when the number 10 
was assigned by the experimenter t o  d i f f e r e n t  r e f e r e n c e  sound 
pressure  leve ls .  
Stevens (ref. 98) ,  in  rev iewing  loudness  sca l ing  proce- 
dures,  makes the point  that  a l though obtaining a loudness  scale  
from a l i s t e n e r  i s  a d i f f i c u l t  problem, it is  a funct ion tha t  
must be determined i f  the concept of foudness i s  t o  have any 
p r a c t i c a l  u t i l i t y .  A p p a r e n t l y ,  as Stevens  suggests,  the best 
method (called magnitude production) i s  to  a l low each  sub jec t  
i n  such experiments t o  use whatever number scheme he wishes 
and t o  t h e n  a v e r a g e  r e s u l t s  a c r o s s  s u b j e c t s  a f t e r  normalizing 
the r e s u l t s  f o r  i n d i v i d u a l  d i f f e r e n c e s  i n  the choice of num- 
bers used. 
Equ i sec t ion  loudness  sca l e  ( equa l  i n t e rvcs ) .  - I n  addi- 
t i o n  to the one-ear vs two-ear, and the methods of magnitude 
and r a t i o  e s t i m a t i o n ,  a me thod-o f  equa l  i n t e rva l s  o r  equ i sec t ion  
has been suggested as a s u i t a b l e  method f o r  d e r i v i n g  a sca le  of  
loudness .  In  t h i s  method, the subjec t  hears a tone  presented 
a t ,  i n  the simplest case,  two d i f f e r e n t  l e v e l s  o f  i n t e n s i t y ;  he 
i s  t h e n  t o l d  t o  a d j u s t  the t h i r d  l eve l  o f  the same tone such 
tha t  the difference in  loudness  between the second and t h i r d  
l e v e l s  is e q u a l  t o  that  between the first and second i n t e r v a l s .  
Using th i s  method, Wolff, Kwiek and Garner measured equal inter- 
vals  over  var ious ranges of i n t e n s i t y  o f  a 1000 cps tone.  
Unlike the magnitude and r a t i o  e s t i m a t i o n  methods, the 
r e su l t s  ob ta ined  by  var ious  inves t iga tors  us ing  the method of 
e q u a l  i n t e r v a l s  are in  close  agreement with each other .  How- 
ever,  there ls  no real knowledge obtained from the equal  inter-  
v a l  method as what changes i n  l e v e l  a r e  r e q u i r e d  i n  o r d e r  tha t  
the l i s t e n e r  report a subjec t ive  sensa t ion  of  the doubling, or 
ha lv ing ,  or  some o t h e r  f r a c t i o n  i n  the loudness of a sound. 
Garner concluded tha t  loudness  scales  based on r a t i o  judg- 
ments and magnitude estimations are too  incons is ten t  among 
d i f f e r e n t  s u b j e c t s  t o  be meaningful.  Instead,  Garner  derived 
a loudness  scale  from judgments of equal loudness intervals 
10 
found by the equisection procedure.* The r e s u l t s  of a series 
of equal-interval tests are shown i n  f i g u r e  9. 
Garner's problem was t o  combine these loudness  scales ,  
each of which covers  but  a small segment of the total audible  
in t ens i ty  r ange ,  i n to  a s c a l e  that runs from z e r o  t o  maximum 
loudness. He combined the cu rves  in  f igu re  9 i n t o  a s i n g l e  
loudness function, shown i n  f i g u r e  10, on the basis of the 
following argument and procedure: 
"In order  t o  put a l l  the sect ions together ,  we have t o  
determine the equivalence in  loudness  between the  var ious 
ranges  of  loudness  levels.  We know that  the loudness 
represented by a loudness-level range from 70 t o  90 phons 
i s  the same regardless of whether tha t  r ange  occur s  in  
the curve represent ing loudness  levels  from 50 t o  90 o r  
70 t o  110. I n  t h e  p l o t  o f  f i g u r e  9, the 70 t o  90 range 
has been assigned a loudness of 2.12 uni ts  ( f rom 2.9 a t  
70 dB t o  5.02 a t  90 dB) on the  right-hand curve. On the 
curve  next  to  it, this same loudness- level  extent  has a 
loudness of 3.90 un i t s .  In  o rde r  t o  ass ign equivalent  
values  t o  bo th  sec t ions  of the curve,  we must t he re fo re  
mult iply a l l  values  of the second curve by 2.12/3.90, 
which equals  0.543. In  addi t ion ,  we have t o  move the 
en t i r e  cu rve  down u n t i l  i t  f i ts  the same range of loud- 
ness  values as the first sec t ion .  Thus, we have  essen- 
t i a l l y  a d j u s t e d  b o t h  t h e  s l o p e  and intercept  constant  of  
this second sec t ion  to  make loudness values over the same 
range  of  loudness  levels  agree.  Once th i s  has been accom- 
pl ished,  a similar process f i t s  t h e  t h i r d  s e c t i o n  i n t o  
t h e  first two, and the f o u r t h  s e c t i o n  i n t o  the first three." 
Garner determined, by graphic and a lgebra ic  means, the t r u e  
zero point  and the a rb i t ra ry  cons tan t  present  i n  the funct ion 
shown i n  f i g u r e  10, and was t h e n  a b l e  t o  p l o t  the average loud- 
ness   funct ion shown i n  f i g u r e  11. Also  shown i n  f i g u r e  11 are 
* Although  words l ike "one-half ,"   or   twice,   or  a numbering 
scheme are  not  inc luded  in  the i n s t r u c t i o n s  t o  the subjec ts ,  
the method of  equal i n t e r v a l s  o r  equisect ion i s  i n  the last 
ana lys i s  a special  case of magnitude estimation where the sub- 
j e c t  i s  presented with a very  res t r ic ted  range  of i n t e n s i t i e s  
he i s  asked t o  b i s e c t .  And the r e p e a t a b i l i t y  o f  the experi-  
mental  f indings of  var ious invest igators  may be as much due t o  
this res t r ic ted  range  of  leve ls  involved  in  any  one set  of 
judgments as it is  t o  the unambiguousness of the task assigned 
to the l i s t e n e r s .  
l l  
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the loudness function found by Fletcher and Munson using the 
one-ear vs two-ear method, and the average loudness function 
proposed by Stevens and Hellman and Zeislocki on the basis of  
r a t i o  and magnitude estimation experiments. 
Garner sugges t s ' t ha t  a l though  each  l i s t ene r  can  cons i s -  
t e n t l y  estimate loudness, the numerical  scale  he uses i s  not  
necessa r i ly  the one that he was asked t o  use by the experi- 
menter., Garner proposes a set  of mathematical  operations 
whereby one can derive the actual  scale  used by the l i s tener .*  
Inasmuch as the loudness  scale  der ived by the equal- 
i n t e r v a l  method is  so d i f f e r e n t  from the  sca les  der ived  by o the r  
methods (see f igu re  ll), we must choose one o r  t h e  o t h e r  f o r  
prac t ica l  use .  It would seem reasonable  to  dec ide  which of 
these forms of loudness functions i s  t o  be used on the basis of 
how the loudness  scale  i s  t o  be used. If, f o r  example, it i s  
i n t e n d e d  t o  sax khat sound "A"  i s  tw ice  (o r  some por t ion )  as 
loud as  sound B , then we are  obl iged  to  use  a loudness  scale  
based on r a t i o  or magnitude  judgments. On the o the r  hand, i f  
we want t o  d e c i d e  whether the difference in  loudness  between 
sound A and B i s  e q u a l  t o  the difference in  loudness  between 
B and C, then  the Garner-Kwiek loudness  scale  would be more 
meaningful, The fac t  tha t  these two types  of   loudness   scales  
are reconci lable  by the Garner-Ghezik ca l cu la t ions  i s  he lp fu l  
evidence that  we are deal ing with the same a t t r i b u t e  of sound, 
namely, loudness,  but it does not l e t  us say which  method of  
determining the  loudness  scale  i s  the "correct" one.  
If, and we would assume tha t  such i s  t h e  case,  t h e  genera l  
i n t e r e s t  i n  l o u d n e s s  judgments i n  r e a l - l i f e  s i t u a t i o n s  i s  more 
in  te rms  of  apparent magnitude o r  r e l a t i v e  l o u d n e s s e s  t h a n  i n  
terms of  equal  intervals ,  it would seem tha t  we must accept 
the equal loudness scale based on magnitude estimation as being 
the  more appl icable  for  general  use.  
* From Garner 's   hypothesis,   but f i rs t  converting the loudnesses 
into logari thmic uni ts ,  Gzhesik e t  a1 (ref ,  30) derived and cal-  
cu la ted  what apparent ra t ios  were ac tua l ly  used  by the sub jec t s  
i n  the various experiments involving ratio judgments of loud- 
ness .  Ikcept  for  a few experiments t ha t  include  questionable 
data,  it was found tha t  the "corrected" r a t io  ind ica t ed  tha t  
the t y p i c a l  l i s t e n e r s  d i v i d e d  the loudness by a f a c t o r  o f  about 
1.5 instead of  2 when ins t ruc t ed  t o  halve the loudness o f  a 
tone.  Gzhesik  found a c lose  s imi la r i ty  be tween the Kwiek and 
Garner type of loudness function and the Stevens and Fletcher 
and Munson loudness scales when the l a t t e r  were "cor rec ted"  for  
ra t io  and point  of  or igins .  
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Changes i n  Loudness with Time 
For the most par t  loudness  judgments have been made only 
of sounds having durations of from f r a c t i o n s  o f  a second t o  
several   seconds long. According t o  Miller (ref. 53)  loudness 
presumably remains more o r  less constant  after the  first 100- 
200 mil l iseconds of dura t ion  of  a sound. There are, of course, 
some excep t ions  to  t h i s  generalization.  For example, E l l i o t t  
r e p o r t s  there i s  an apparent  growth  or  " f lu t te r"  i n  the Loud- 
ness of bursts of  noise  repeated over a per iod  of 20 t o  320 
seconds  (ref.  13). 
Taub and Teichner (ref,  101) find that a 2-3 dB increase  
i n  the loudness of a tone and band of noise having a l eve l  o f  
90 dB during a 10 minute exposure; however, there was a decrease 
of about 5 dB i n  the loudness of the combination presented a t  
70 dB f o r  10 minutes. 
Although there are no obvious explanations for these pheno- 
mena ( b o t h  E l l i o t t  and Taub and Te ichne r  pos tu l a t e  cen t r a l  
nervous system or percep tua l  t heo r i e s )  i t  i s  poseible  t h a t  the 
a u r a l  r e f l e x  may be a t  l e a s t  p a r t l y  r e spons ib l e .  E l l i o t t  finds 
a g r e a t e r  e f f e c t  f o r  a 73 dB level-where the re f lex  should  
poss ib ly  be p a r t l y  a c t i v a t e d  than a t  a 53 dB l e v e l  where the 
ref lex would no t  be ac t iva ted ;  and i n  the Taub and Teichner 
experiment one would expect the reflex t o  be subsiding a t  the 
end of a 10 minute exposure t o  a 90 dB noise  and poss ib ly  was 
becoming a c t i v a t e d  a f te r  a 10 minute exposure t o  a noise  a t  
70 dB* 
Continued exposure t o  a steady-state sound produces another 
change i n  loudness tha t  normally goes unnoticed by the l i s t e n e r .  
It is most striking when one ear is exposed and the o ther  ear 
i s  not exposed t o  an in t ense  sound. When b o t h  e a r s  a r e  t h e n  
subsequently exposed t o  t h e  same sound, the loudness  In  the 
previously unexposed ear is greater than i n  the previously ex- 
posed ear. The e f f e c t  has been ca l led  per -s t imula tory  fatigue,  
It i s  n o t  c l e a r  whether the e f f e c t  is due- to  receptor  fa t igue  
o r  t o  a purely perceptual loudness adaptation, or t o  both. 
Loudness Measured by Sound Level Meters 
Although the loudness of  a complex sound is presumably 
b e s t  estimated on t h e  basis of band spectrum analysis  data, t h e  
simple sound l e v e l  meter that  in tegra tes  acous t ic  energy  over  
the audible  spectrum to achieve a single ove ra l l  v a l u e  i s  
widely used f o r  t h i s  purpose. 
The present standardized sound level meter can be operated 
i n  three modes: 
1. with a network that, more or  less, weights the in ten-  
s i t y  v a l u e  of the frequency components i n  a sound i n  
accordance with the shape of the Fletcher-Munson equal 
loudness contour a t  the l e v e l  of 100 phons -- this is  
c a l l e d  t h e  "C" sca le ;  
2. with a network that  weights t h e  frequency components 
more o r  less i n  accordance with the 70 phon contour -- t he  
11 I1 B scale;  and 
3. with a network that  weights the frequency components 
more o r  l e s s  i n  acco rdance  with the 40 phon contour -- t he  
"A" s c a l e  . 
Sound l e v e l  meters g i v e  r e a d i n g s  i n  d e c i b e l s  r e l a t i v e  t o  
0.0002 microbar ,  integrat ing (with an  in t eg ra t ing  time constant  
of 0.2 seconds) the sound pressure over  a l l  f requencies  from 
about 50 t o  20,000 cps. This r epor t  w i l l  designate  sound l e v e l  
meter readings taken with the  various weighting networks as 
& ( A ) ,  dB@) and dB(C) as appropr ia te .   In  the genera l  litera- 
t u r e ,  and i n  t h i s  repor t ,  when sound pressure levels  are  re- 
ported as unqual i f ied "dB" values,  it is  t o  be understood that 
the weighting network of the meter was s e t  on C o r  a "flat" 
equal-frequency-weighting scale. 
When used with individual  pure tones,  one would expect the 
sound leve l  meter  to  g ive  reasonably  good estimates of loudness. 
One might f e e l ,  however, that  this would no t  be  t rue  fo r  more 
complex sounds.  Nevertheless, as will be  demonstrated la ter ,  
when the network with 40 phon weighting is used with broadband 
sounds in  the  r eg ion  from perhaps 60 t o  100 phons, the obtained 
reading agrees reasonably well  with judgment data of the loud- 
nesses  i f  the energy o f  the sounds i s  concent ra ted  in  the  fre- 
quency regions below 500 cps  or  so, o r  above 2000 cps  o r  so. 
The v a l i d i t y  and use of the  sound level  meter  with weighting 
networks f o r  the  eva lua t ion  of  no ises  will be discussed below. 
A meter involving a s e t  of octave band f i l t e r s  and var ious  
o t h e r  e l e c t r o n i c  c i r c u i t s  that  w i l l  a 'utomatically give loudness 
l e v e l  i n  phons as would be found by the Stevens (ref .  97) method 
of  calculat ing loudness  has been developed by Anderson (ref.  1). 
PERCEIVED NOISINESS 
I n  1958 a series of t e s t s  was conducted in  which sub jec t s  
ind iv idua l ly  ad jus ted  the  sound pressure  leve l  of a recording of 
the  f lyover  sound made by one type of  j e t  a i r c r a f t  u n t i l  it 
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sounded as acceptab le  or  "noisy"  to  each  of them as the sound 
of another type of j e t  a i r c r a f t ,  o r  the sound of a conventional 
propel ler-dr iven aircraft, if they were l i s t e n i n g  t o  it i n   o r  
near  the i r  home, 
It was obviously Impractical  t o  attempt t o  o b t a i n  from 
l i s t e n e r s  i n  t h e  l a b o r a t o r y  judgments f o r  a l l  a i r c r a f t  t y p e s ,  
opera t iona l  f ly ing  condi t ions ,  d i s tances  from the a i r c r a f t ,  e t c .  
What was needed was a procedure whereby one cou ld  d i r ec t ly  
measure with a meter, o r  c a l c u l a t e  from phys ica l  acous t i ca l  
measurements, what was the r e l a t i v e  n o i s i n e s s  o r  a c c e p t a b i l i t y  
of a l l  types of  aircraft sounds, The apec i f lc  ques t ion  at hand 
was whether the sound from f u t u r e  commercial je t  a i r c r a f t  would 
be more o r  less bothersome t o  communities near airports than 
t h e  sound from p rope l l e r -d r iven  a i r c ra f t  t hen  in  ope ra t ion .  
These experiments showed that sound level  meter  readings 
on A, B, and p a r t i c u l a r l y  C sca les ,  and loudness level in phons 
ca lcu la ted  by Stevens'  method, did not  predict  the judged 
nois iness  of  the sounds as well  as was desired. 
Some experiments had been performed i n  1943 a t  the Hamrard 
Psychoacoustics Laboratory under the d i r e c t i o n  of Professor  
S. S. Stevens t o  Eursue the  ear l ier  work of Laird and Coye 
( r e f .  49) on the  annoyance"  values  of  sounds of d i f f e r e n t  f r e -  
uency. The data as reported by Reese, Kryter and Stevens 
ref. 76) showed tha t  the higher frequencies tended to be more a 
annoying than the lower frequencies even though they were 
equally loud. 
Although the data i n  t h e  1943 experiment was rather meager, 
they were renamed "equal noisiness contours" and used by Kryter 
( r e f .  38) i n  an attempt to p r e d i c t  t h e  r e s u l t s  of t he  afore- 
mentioned tests with a i rc raf t  noise.* This was done by modi- 
fying Stevens! equal loudness contours f o r  octave bands of noise  
to  t ake  in to  accoun t  th i s  addi t iona l  cont r ibu t ion  made by the 
higher  f requencies  to t he  sub jec t ive  accep tab i l i t y  o r  no i s ines s  
of complex sounds.  Utilizing  without  change  the  remainder of 
Stevens'  method for  ca lcu la t ing  loudness ,  one groceeds t o  c a l -  
c u l a t e  what was ca l l ed   t he   r e l a t ive   "no i s ines s  o r  unwanted- 
ness" of complex sounds, To dis t inguish the modif ied loudness  
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* Kryter and Pearsons  ( re f .  42) l a t e r  o b t a i n e d  f u r t h e r  and 
r a the r  ex tens ive  data on equal  nois iness"  contours  which 
they proposed be used i n  p l a c e  of  t h e  contours obtained In 
1943 . 
I1 
contours from the regular loudness contours and the r e s u l t i n g  
units from  loudness  terminology it was proposed tha t  the unit 
of  nois iness  be c a l l e d  the 'lnoy' i n  paral le l  t o  t h e  "sone" f o r  
loudness; one noy was defined as the no i s ines s  of an octave 
band of random noise  centered a t  1000 cps and having a band 
sound p res su re  l eve l  of  40 dB; "PNdB" was coined as the analog 
of the phon. 
The perce ived  noise  leve l ,  then ,  in  PNdB of  a given sound 
is  the sound p res su re  l eve l  o f  the octave band of noise a t  
1000 cps tha t  is judged to be as noisy or  unacceptable  as the 
given sound. Perceived noise level in PNdB was proposed as a 
more appropr i a t e  ya rds t i ck  fo r  e s t ima t ing  the subjective accep- 
t a b i l i t y  o r  n o i s i n e s s  of complex sounds, a i r c r a f t  sounds being 
one  xample, than i s  loudness  l eve l  i n  phons. The ca l cu la t ion  
of perceived noisiness of a sound can be accomplished with the 
use of  publ ic ized f igures  and tables  ( re f .  43) and the following 
formulae for a t o t a l  e f f e c t i v e  noy value ( N ) :  
1. For octave band spectra: N = %ax + 0.3 (En-%=) 
2. For l/3 octave band spec t ra :  N = nmax + 0.15 (Cn-ln,) 
3. For 1/10 octave band spectra: N = %ax + 0.07 (&-%ax) 
where nmax is  the number of noys i n  the n o i s i e s t  band and Zn i s  
the  sum oT noy v a l u e s  i n  a l l  the bands. These formulae  and the 
f a c t o r s  .3, .l5, and .O7 f o r  the full, 1/3, and 1/10 octave  band 
spec t ra ,  respec t ive ly ,  represent  the f u n c t i o n a l  r e l a t i o n s  found 
by Stevens between loudness and the bandwidth of  noise .  
It fu r the r  appea r s  that  t h e  perceived noise  level  of  sounds 
not involving intense pure-tone components or  o ther  sharp  spec-  
t r a l  va r i a t ions  can  be estimated t o  some degree wi th  a simple 
sound l eve l  meter  p lus  a weighting network having the shape of 
the QO-noy equal   nois iness   contour  ( re f .  42) .  A sound l e v e l  
meter with th i s  weighting network, ca l led  "N" weighting, i s  
used a t  s e v e r a l  a i r p o r t s  i n  the United States for  monitor ing 
the  no i se  l eve l  o f  ope ra t ing  a i r c ra f t  t o  de t e rmine  i f ,  and when, 
such levels  exceed cer ta in  limits; the readings can be expressed 
as dB(N), analogous t o  d B ( A )  o r  dB(C) ( refs .  38,41). 
Relations between Loudness and Noisiness 
The concept of perceived noisiness by Kryter ( re f .  39) i s  
not  as  ambit ious as one might wish it t o  be. Perceived nois i -  
ness i s  what people say the i r  subjective impression i s  of the 
unwantedness or  unacceptab i l i ty  of  a sound. As i n  the  case of 
loudness judgment, perceived noisiness Judgments are near ly  
a lways   re la t ive ,  not absolute,  Judgments:  that is, one sound 
i s  judged as being equal  to ,  more than, o r  less than another  
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sound with r e s p e c t  t o  i t s  unwantedness -- the sounds may both  
be cons ide red  in  an a b s o l u t e  s e n s e  t o l e r a b l e  o r  i n t o l e r a b l e  t o  
the person making the  Judgment. 
Secondly, as wi th  loudness ,  the equal  nois iness  contours ,  
showing how perce ived  nois iness  var ies  a s  a function of f re-  
quency, were determined with narrow bands of random noise  that  
had l i t t l e  o r  no meaning t o  the l i s t e n e r s  -- obviously, it would 
be impossible t o  use sounds having different meanings or 
emot iona l  e f f ec t s  upon people when der iv ing .equa1  nois iness  
contours. 
Whether or  not  loudness  as ca lcu la ted  by the Stevens and 
Zwicker methods, o r  any other loudness procedure, adequately 
p red ic t s  the loudness of complex sounds, the fact  remains that  
p e o p l e  a r e  g e n e r a l l y  i n t e r e s t e d  i n  how unacceptable  or  unwanted 
a sound is; and this being the case4 we be l i eve  tests show 
that there i s  a bas i c  a t t r i bu te  o f  no i s ines s"  to  sounds  tha t  
i s  o f t e n  d i f f e r e n t  from loudness, although there i s  no question 
tha t  semant ic  and  exper imenta l  d i f f icu l t ies  can  be a source of 
confus ion  to  both  the sub jec t s  and the exper imenters  in  this  
problem area. 
Although it is not  usual ly  possible  o r  n e c e s s a r y  t o  
"exp la in"  ou r  pe rcep tua l  ab i l i t i e s ,  it i s  perhaps h e l p f u l  t o  
pos tu la te  some poss ib le  mechanism o r  reason why there  should be 
b a s i c  a t t r i b u t e s  t o  sound other than those of pitch and loud- 
ness .  In  shor t ,  why should  people be more a v e r s e  t o  higher  
f requencies   than  to   lower  f requencies? It is, of  course,  con- 
ceivable tha t  most of the psychologically unpleasant sounds 
people are exposed t o   i n   t h e i r  l i f e  t e n d  t o  be higher r a t h e r  
than lower in  pi tch,  and hence they learn to  associate  unplea-  
santness  with high pi tchedness .  Another  possibi l i ty  is t h a t  
because  the  ear  i s  p a r t i c u l a r l y  s u s c e p t i b l e  t o  audi tory  fa t igue  
and damage as t h e  resu l t  o f  exposure  to  sound f r equenc ie s  in  
the region of 1500 t o  4000 cps  or  so  ( the  reg ion  where t h e  equal 
nois iness  contours  deviate  the most  from the equal loudness 
contours as shown i n  f i g u r e  12), people  learn from experiencing 
t i n n i t u s  ( a  " r ing ing"  sensa t ion  in  the ears) and  temporary 
audi tory  fa t igue  (as  measured by a sh i f t  in  threshold  of  audi -  
b i l i t y )  t h a t  f r e q u e n c i e s  i n  the region from 1500 t o  4000 cps 
are p o t e n t i a l l y  more harmful and are t o  be more avoided than 
sounds of  lower and possibly higher frequencies.  
Noisiness of Combinations of Noise and Pure Tones 
We saw i n  f i g u r e  12 that  the difference between equal  loud-  
ness and equal nois iness  contours  f o r  bands of random noise  is 
s i g n i f i c a n t  a t  higher frequencies but not tremendously large. 
However, the difference between loudness and perceived noisi-  
ness i s  unmistakable when subjects judge sounds tha t  cons i s t  
of pure tones superimposed or immersed i n  a band of random 
noise. Scharf (ref . 8 9 ) ,  f o r  example, found that the loudness 
of a s u b c r i t i c a l  band i s  independent of the ene rgy  d i s t r ibu t ion  
within it o r  the  number of i t s  components. On the o the r  hand, 
as w i l l  be shown below, a tone can contr ibute  as much as an 
e f f e c t i v e  10 dB-15 dB to the judged noisiness of a sound over 
and above the  amount t o  be expected on the basis of ei ther loud- 
nes s  l eve l  o r  pe rce ived  no i se  l eve l  as normally calculated.  
Method of Wells and B laz i e r .  - Wells and Blazier (ref . 103) 
have recently proposed a method-for computing the subjec t ive  
r e a c t i o n  t o  complex sounds tha t  a t t empt s  to  accoun t  fo r  t h e  
e f f ec t  of  pure-tone  components on judged  noisiness.  For a given 
sound spectrum, the i n i t i a l  Wells and Blazier  approach assigns 
one of a family of frequency-weighted contours shown i n  f i g u r e s  
13 and 14 t a n g e n t i a l l y  c l o s e s t  t o  the actual  spectrum of  the 
sound in  ques t ion .  The contour  leve ls  are designated by a 
s ing le  band  sound pressure a t  a specified  frequency. However, 
Wells and Blazier  found tha t  t h i s  method was as much as 18 dB 
i n  e r r o r  when used t o  e v a l u a t e  the judged noisiness of broad- 
band noise or broadband sounds containing pure-tone components. 
To overcome this def ic iency,  Wells and B laz i e r  p roposed  tha t  i n  
using the tangent contour method, a cor rec t ion  be made t o  the 
spectra  according t o  i t s  bandwidth. The proposed  correction 
t o  the value of the tangent  contour  for  the spectrum shape of 
the  noise  i s  shown i n  f i g u r e  15. This co r rec t ion  va r i e s  as a 
function of the number of 1/3 octave bands within 5 dB of the 
nighest  contour  tangent  to  the sound spectrum. 
For spectra containing a pure tone, a double computation 
is  employed. F i r s t ,  the broadband  portion i s  considered as 
above.  Second, t h e  pure- tone correct ions are applied t o  the 
o r i g i n a l  s p e c t r a  a c c o r d i n g  t o  the lower curves on f igu res  13 
and 14; the con tour  t an  en t  t o  the cor rec ted  tone  leve ls  i s  
then obtained. Third, 8 dB i s  subt rac ted  from t h i s  l e v e l  
(applying f igure 15 f o r  n = 1) t o  o b t a i n  the corrected pure- 
tone  contour   level .   Final ly ,  the composite  corrected  contour 
l e v e l  i s  obtained by adding the corrected broadband and pure- 
tone  contour  leve ls  toge ther  on an energy basis. 
Proposed single pure-tone "adjustment" procedure for 
pNdB. - As proposed  by L i t t l e  ( ref .  0) and Wells and f i z i e r ,  
"mple way t o  'I ad jus t  'I the rneasur2d sound pressure  leve ls ,  
i n  o rde r  t o - t ake  in to  accoun t  the a d d i t i o n a l  n o i s i n e s s  r e s u l t i n g  
from the presence of a pure tone,  would be t o  add t o  the l e v e l  
of the band with the pure tone the dec ibe l  d i f f e rence  that 
exists between the octave band of noise alone and the l eve l  o f  
the band plus the pure tone when the two sounds are judged t o  
" 
be equal ly  noisy.  The perceived noise  level  of  a complex sound 
would then be ca lcu la ted  on the basis of the " ad jus t ed"  band 
sound pressure   l eve ls  . 
However, sound spec t ra  of  "real-l ife" sounds would typ i -  
c a l l y  be found by f i l t e r i n g  with octave band or 1/3 octave band 
f i l ters  the mixture of the broad continuous spectra noise and 
the  more o r  less steady-state pure-tone components; thus,  t h e  
e f fec t ive  leve l  of  the  pure  tone  wi thout  the background noise 
would usual ly  not  be measured.  For t h i s  reason, it is impor- 
tan t  to  a l so  spec i fy  an"adjus tment"  fac tor  that  can be applied 
t o  band sound p res su re  l eve l  measurements made of  the t o t a l  
complex s ound . 
Accordingly, i n  f i g u r e  16, Kryter and Pearsons ( ref .  44) 
p l o t t e d  the adjustment  to  be added t o  t h e  sound p res su re  l eve l  
of a f u l l ,  1/3 o r  1/10 octave band of noise containing a pure- 
tone component as a funct ion  of :  1) the tone - to -no i se  r a t io  
(T/N) when t h e  tone i s  measured independently of  t h e  background 
noise; and 2 )  in  t e rms  o f  the  tone-p lus-noise  leve l  re la t ive  t o  
t h e  f u l l ,  1/3 o r  1/10 octave band level of adjacent bands 
(T+N/AN). In   the  formula T/N, T s t a n d s  f o r  t h e  i n t e n s i t y  of 
the tone alone, and N, f o r  the background noise level in t h e  
band containing the t o n e ;  i n  the phrase T+N/AN, T+N s tands f o r  
t h e  i n t e n s i t y  of the  tone and the background noise i n  a given 
band measured when both are present ,  and AN i s  t h e  i n t e n s i t y  o f  
bands immediately adjacent t o  t h e  band containing t h e  pure tone. 
The use of T+N/AN i s  based on the assumption that the background 
noise over several  bands w i l l  be r e l a t i v e l y  " f la t"  i n  l e v e l ,  b u t  
t h a t  a more o r  less steady-state pure-tone component i s  present  
i n  one of these bands. 
Figure 17 represents  an at tempt  to  develop a general  s e t  
of  pure-tone  adjustments as a function  of  frequency. From th is  
f igu re  one can determine the  c o r r e c t i o n  f a c t o r  t o  be used f o r  a 
band  of  any  center  frequency. The contours shown i n  f i g u r e  17 
are drawn on the assumption that  the prec ise  pos i t ion  of  a pure 
tone within t h e  measured band of noise i s  of minor importance. 
Although these funct ions were determined from judgments of bands 
of noise with the pure tone placed only a t  the center  f requen-  
c i e s  o f  the bands, it i s  be l i eved  tha t  a reasonable  deviat ion 
from the center frequency of the band by the pure tone would 
not  apprec iab ly  a f fec t  the perceived nois iness  of  the sound.  
The narrower the band used for measuring the spectra,  of course,  
the less would be t h i s  poss ib l e  e r ro r .  
Effects of multiple and modulated pure tones on perceived 
nois iness .  - Pearsons, Woods, and Kryter ( r e f .  bb) r ecen t ly  com- 
p l e t ed  a preliminary study of the e f f ec t s  o f  mu l t ip l e  and modu- 
lated pure tones immersed i n  a broadband background noise upon 
perceived nois iness .  The r e s u l t s  would ind ica t e  the following: 
-> 
1. The amplitude  and  frequency  modulation imposed upon me 
o r  more of the pure tones did not  increase  the subjec t ive  
nois iness  of  these sounds relat ive to the nois iness  of  the 
s t e a d y - s t a t e  o r  unmodulated sounds; and 
2. The presence  of e i ther  modulated  or  unmodulated  pure 
tones imposed on a broadband background noise did not  in -  
crease the no i s ines s  of t hese  complex sounds r e l a t i v e  t o  
the  no i s ines s  of the  broadband sound without pure tones. 
These conclusions are made evident  by the f a c t  that  the 
perceived noise  level  calculated without  regard for  pure-  
t one  e f f ec t s  better p r e d i c t s  the r e s u l t s  o f  t h e  judgment 
t e s t s  t han  does  the perceived noise  level  with pure-tone 
adjustments of f igure 16 included, 
These findings are obviously in disagreement with the 
r e s u l t s  of the aforementioned experiment with s i n g l e  pure tones 
as well as t h e  r e s u l t s  of  studies conducted by L i t t l e  ( re f ,  50) 
and Wells and B l a z i e r  ( r e f .  103) on the noisiness of broadband 
sounds  containing  pure-tone  components. One reason which may 
explain t h i s  disagreement i s  a s soc ia t ed  wi th  t h e  two kinds of 
judgment t e s t s  t h a t  have been employed i n  i n v e s t i g a t i o n s  of 
no is iness .  In  the ear l ie r  s ing le  pure- tone  s tudy  of  Kryter 
and Pearsons, the method of paired-comparisons was used, whereas 
i n  the present  inves t iga t ion  the method of ind iv idua l  ad jus t -  
ment was employed. We have  found i n  the past t ha t  t he  method 
of  paired-comparisons apparent ly  forces  the subject  to  make a 
quick judgment of  the  overa l l  no is ines~l  o f  one sound r e l a t i v e  
to a second sound without giving, which i s  probably desirable ,  
I;he subject  an opportuni ty  to subject ively "analyze" the basis 
of h i s  judgment. This  I s  probably partly because the subjec t  
has t o  quickly make h is  response in  a 2- o r  3-second i n t e r v a l  
before he i s  again presented with a pa i r  o f  s t imul i ,  and  par t ly  
because t h e  pa i r s  o f  s t imu l i  a r e  usua l ly  p re sen ted  in  a very 
"random" sequence where successive pairs of sounds do not bear 
any  re la t ion  to each other.  This  tends to make the  subjec t  
consider each pair of sounds on t he i r  own meri t ,  which i s  a l s o  
probably desirable, Fndependently of any similarities o r  dis- 
similarities a given pa i r  may have with o the r  pairs. 
The important  effect  the method of judgment can have i s  
i l l u s t r a t e d  by the r e s u l t s  o f  t e s t s  where sub jec t s  were asked 
t o  equate  sounds of  different  intensi t ies  and durat ions.  Here 
it was found important to use the method of paired-comparisons 
ra ther  than  the  method of individual adjustment because when 
the  method of individual adjustment was used ,  subjec ts  invar ia -  
bly adjusted the comparison sound so that  i t s  peak level  tended 
toward the  peak leve l  of  the s tandard sound with l i t t l e  r e g a r d  
t o  d i f f e r e n c e s  i n  d u r a t i o n  of the  two sounds; on the o ther  hand, 
when the method of paired-comparison was used, the sub jec t s  
reacted,  apparently,  to both  the  dura t ion  and  in tens i ty  fac tors .  
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It i s  qui te  possible ,  then,  tha t  when we ask s u b j e c t s  t o  
make subjective judgments of the s o r t  r e q u i r e d  i n  the present  
experiment he may, as he makes repeated judgments, concentrate 
on some  common aspect of the two s t imu l i  he i s  attempting to 
judge and w i l l ,  i f  it is  under h i s  control ,  make adjus tments  to  
one s t i m u l u s  u n t i l  it tends t o  be equal t o  the o ther  on ly  with 
respec t  t o  t h i s  common aspec t ;  i n  sho r t ,  this makes h i s  task 
easier and, to him, more r e l i a b l e  o r  r e p e a t a b l e .  
We would l ike to suggest,  as a ten ta t ive  hypothes is ,  that  
the s u b j e c t s  i n  t h i s  l a t e r  multi-tone experiment may have e i ther  
consciously or uncon,sJciously par t ly  ignored the pure tones and 
made the i r  judgments mainly on the bases of the broadband noise 
l eve l s .  The f a c t  that  the r e s u l t s  were so cons i s t en t ly  pre- 
d i c t ed  r ega rd le s s  o f  the number o r  degree o f  modulation of pure 
tones when the PNdB's were calculated without pure-tone cor- 
r e c t i o n  f a c t o r s  would suggest tha t  the sub jec t s  might have been 
making the i r  judgments on that  bas i s .  
There are, of  course ,  o ther  poss ib le  explana t ions  for  the  
apparent disagreement in the resul ts  of  these var ious ' 'pure-  
tone"  experiments.  For  example, it should be noted that  i n  t h e  
s ingle  pure- tone s tudies  the tones were embedded i n  a s ing le  
octave band of background noise, whereas in  the  mul t i - t one  
inves t iga t ion  the tones were embedded i n  a broadband noise 
extending from about 125-6300 cps. It i s  poss ib le  t h e  broad- 
band background was the dominant f a c t o r  rather than the multi-  
ple  pure tones in  determining the nois iness  of t h e  sounds, and 
tha t  the s ingle  oc tave  band of background noise used i n  t h e  
previous  study was subdominant to  the  s ing le  pure  tone .  It i s  
also conceivable  tha t  inasmuch as the pure tones were harmoni- 
c a l l y  r e l a t e d  t h e y  may have been perceived as a "musical" sound 
and thereby lost any s igni f icant  no is iness  they might otherwise 
have . 
It i s  c l e a r  that  fur ther  exper imenta t ion  w i l l  be required 
t o  answer the quest ions raised by these  expeL-iments. It i s  
perhaps not unreasonable to hypothesize t ha t  t h e  o v e r a l l  sub- 
j ec t ive  no i s ines s  of these sounds can be be t t e r  equated by the 
method of paired-comparisons than that o f  individual adjustment,  
and that  judgments obtained from a paired-comparison test  would 
be more h ighly  cor re la ted  with the basic  response we wish t o  
evaluate  -- namely, the subjec t ive  reac t ion  of a person res- 
ponding t o  such a complex sound in  everyday l i fe .  
Tenta t ive ly  recommended procedure for calculation of per- 
ceived noise  level .  - Kryter and  Yearsons [ ref .  44) recommended 
a e r u l e "  -be appl ied to e i t h e r   f u l l   o c t a v e ,  1/3 
-ferably 1/10 octave band spec t ra  when l i s t e n i n g  
r evea l s  the presence of audible pure tones in a complex sound. 
This " ru le"  implies that  i f  a band exceeds i t s  adjacent bands 
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by 3 dB, a pure tone i s  present. Therefore,  whenever a band 
equals  or  exceeds t h i s  3 dB cr i ter ion an adjustment  should be 
added i n  accordance with the ve r t i ca l  o rd ina te s  o f  f igu res  16 
o r  17. Following this adjustment, the perceived noise  level  of  
the complex sound would then be computed i n  accordance with the 
procedures developed previously for broadband, continuous spec- 
tra sounds. 
In  view of the  recent  resu l t s  found with multiple and modu- 
la ted pure tones,  the pure-tone adjustment factor shown i n  f i g -  
ure 16 and 17 should probably be applied only to sounds con- 
t a i n i n g  a predominant, single, pure tone in a background of 
random no i se  un t i l  fu r the r  ev idence  on t h i s  matter i s  ava i l ab le .  
Ambiguities i n  s p e c t r a l  measures. - The suggested "rule" 
t h a t  a pure-tone component i s  present  whenever the  o v e r a l l  sound 
p r e s s u r e  l e v e l  i n  a band exceeds i t s  adjacent bands by 3 o r  more 
dl3 is, of   course ,   no t   in fa l l ib le .  Spectral  measurements, par t i -  
c u l a r l y  when the ene rgy  in  narrow-band f i l ters  i s  in t eg ra t ed  
over t oo  brief a period of time, could, on occasion, because of 
random, t empora l  va r i a t ions  in  l eve l  o f  the noise  components, 
i nd ica t e  the presence of pure-tone components when none were 
present .  On the o t h e r  hand, it should be noted  tha t  band spec- 
t r a  of complex  sounds  can  be  misleading i f :  a )  a pure-tone 
component happened t o  f a l l  i n  the region of t h e  crossover f re-  
quencies of adjacent band filters; o r  b )  the  pure tones of about 
equa l  i n t ens i ty  occur red  in  two ad3acent  band f i l ters.  I n  b o t h  
of these s i t u a t i o n s  the measured sound pressure level could be 
the same f o r  two adjacent bands and give a measured spectrum 
tha t  had the appearance of being " f la t"  over those two adjacent  
bands when, i n  r e a l i t y ,  a strong, pure-tone component, o r  com- 
ponents, were present  . 
the use  of  re la t ive ly  long measurement i n t e r v a l s  and 1/10 octave 
band f i l t e r s .  Because  these f i l ters  would be, usually,  less 
wide than  the  c r i t i ca l  bandwidth  of  the ear, one could, with 
va l id i ty ,  apply  a pure-tone correction whenever e i t h e r  one o r  
two neighboring 1/10 octave bands exceeded the immediately 
adJacent 1/10 octave bands by more than 3 dB. 
These d i f f i c u l t i e s  c o u l d  be overcome to some exten t  w i t h  
E f f e c t s  of Duration on Noisiness 
I n  a d d i t i o n  t o  pure-tone correction procedures,  Kryter and 
Pearsons ( ref  . 42) have published graphs a s  shown i n  f i g u r e  18 
ind ica t ing  the exchange required between intensity level and 
durat ion of  a sound i n  o r d e r  t o  keep the perceived noisiness of 
t h e  sound constant.  This  r e l a t i o n  shows tha t  approximately a 
4.5 dB i n c r e a s e  i n  the l eve l  o f  a sound i s  equivalent  i n  terms 
of  perceived nois iness  to  a doubling of i t s  durat ion.  The 
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l i s teners  apparent ly  do  not  respond s imply  to  the "energy" i n  
the sound when judging i t s  nois iness;  i f  they had done so, the 
curve i n  f i g u r e  18 would have a s lope of  -3 dB per doubling of 
time . 
Duration is here measured as the time the sound i s  within 
10 dB of i t s  maximum leve l .  A s  shown i n  f i g u r e  18, the dura- 
t i ons  inves t iga t ed  va r i ed  from about 2 t o  12 seconds. Some 
real- l i fe  sounds have a temporal duty cycle of this order  of 
du ra t ions ;  fo r  example, t h e  sound under  an aircraf t  a t  an 
a l t i t u d e  o f  a proximately 1000 f t  following takeoff w i l l  last 
about  12  to  1 is seconds from the time i t s  l e v e l  starts a t  10 dB 
below i ts  peak l e v e l  t o  the time it dec l ines  10 dB from peak 
level,  and the dura t ion  of  the  sound under the a i r c r a f t  on 
approach to landing when a t  an  a l t i t ude  o f  s eve ra l  hundred feet  
will t y p i c a l l y  be of the order  of 6-8 seconds. 
One o f  the apparent major differences between the subjec- 
t ive loudness  and nois iness  of  a complex sound i s  revealed when 
a person i s  asked to judge the loudness and noisiness of sounds 
o f  d i f f e ren t  du ra t ions .  As aforementioned, the loudness of a 
sound  grows as i t s  dura t ion  i s  increased up t o  about .2 seconds 
but  remains  re la t ive ly  cons tan t  as  i t s  dura t ion  is  extended 
beyond .2 seconds ( r e f .  50). On the o the r  hand, as shown i n  
f igu re  18, the perceived noisiness of a sound con t inues  to  be 
a funct ion of  durat ion a t  l e a s t  up t o  1 2  seconds and undoubtedly 
longer.  This ,  of  course, seems a s  it should be -- the longer 
an unwanted  sound i s  present ,  the n o i s i e r  (more  unwanted) it 
should  be t o  p e o p l e .  I n  a l l  p r o b a b i l i t y  some uni t  of  durat ion 
w i l l  be s e l e c t e d  i n  t h e  f u t u r e  a s  a re ference  s tandard  in  the  
temporal domain t o  which the perceived noisiness of sounds of 
o ther  dura t ions  a re  compared o r  ad jus t ed ,  j u s t  a s  an octave 
band of random n o i s e  a t  a sound pressure  leve l  of  40 dB i s  the  
reference s tandard in  the frequency domain. 
VALIDATION OF METHODS FOR ESTIMATING LOUDNESS AND NOISINESS 
A number of laboratory studies have been conducted in 
which sub jec t s  were asked t o  e q u a t e  the loudness  or  the n o i s i -  
ness  of a wide var ie ty  of  "everyday" sounds or  noises  re la t ive 
to  the  loudness  or  no is iness  of  a t o n e  o r  band of random noise  
centered a t  1000 cps. The degree to which the r e s u l t s  o f  t h e s e  
judgments can be predicted by so-called "objective" methods of 
measuring the  sound o r  no i se  i s  one measure of the v a l i d i t y  and 
usefulness of these object methods. 
The objective measures tha t  appear to be the most p r a c t i c a l  
o r  v a l i d  are dB( C ) ,  d B ( A ) ,  phons-Stevens (S) ,  phons-Zwicker (Z), 
and PNdBm* All of these measures,  except the last, purport  t o  
evaluate loudness;  PNdB is  presumed t o  evalua te  the no i s ines s  
o r  unwantedness  of a sound. As previously descr ibed dB(C) and 
d B ( A )  are broadband measures requiring only a sound l e v e l  meter 
f o r  their  determination, whereas phons and PNdB require  octave 
o r  1/3 octave band measurements of a sound f o r  their  determina- 
t ion 
It i s  unfortunate tha t  a l l  the inves t iga t ions  were not made 
wi th  the same ins t ruc t ions  to  judge  fo r  equa l  l oudness  o r  equal 
nois iness .  However, some i n v e s t i g a t o r s  prefer t o  use  loudness, 
even though they wish t o  o b t a i n  r a t i n g s  o f  the unwantedness of 
the  sounds  in   quest ion,  It is  poss ib le  that the  sub jec t s  some- 
times sense the experimenter ' s  aim and make the i r  judgments 
accordingly,  The converse,   of  course,   also  can be true;  sub- 
j ec t s  a sked  to  r epea ted ly  make judgments of the "no i s ines s"  o r  
"unacceptabi l i ty"  of  complex sounds may dec ide  to  judge  r e l a t ive  
loudness rather than  r e l a t ive  unaccep tab i l i t y .  
Table 2 shows how far, on the average,  the objec t ive  
measures deviated from the subjective and presumably "true" 
loudness  or  perceived nois iness  of  t h e  sounds tested.  The 
three columns under each of the headings, dl3(C) ,  dB(A), phons(S), 
phons(Z), and PNdB, r evea l  the following information about the 
g e n e r a l  v a l i d i t y  and r e l i ab i l i t y  of these measures: 
Column 1 represents  the average difference between the 
reference sound centered a t  1000 cps  ( an  a i r c ra f t  f l yove r  
noise  in  Table  2b) and the various comparison noises used 
in  each  s tudy;  
Column 2 g ives  a measure of t he  spread of the o r i g i n a l  
da ta .  The measure  of the spread repor ted ,   ca l led  
"absolute  deviat ion,"  i s  t h e  average of the s e t  of abso- 
lu te  va lues  of  the difference between the subjec t ive-  
ob jec t ive  d i f f e rence  in  Column 1. The larger the  
"absolu te  devia t ion ' '  fo r  a given object ive method, the 
l e s s  well does tha t  method p red ic t  the subject ive value 
of t h e  sounds  judged; 
* The methods recently proposed by Munson for  ca lcu la t ing  loud-  
ness and by Wells and B laz i e r  fo r  no i s ines s  may be v a l i d  
methods but  involve  ra ther  complex procedures and have not 
been widely used.  For these reasons these two methods were 
no t  i nc luded  in  the comparisons and discussions t ha t  follow 
i n  t h i s  r epor t .  
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Column 3 shows the "absolute deviation" between the average 
of  the average differences (average of Column 1) and the  
average  differences (Column 1). The larger the devia t ions  
f o r  a given object ive method i n  Column 3, the less con- 
s i s t ency  the re  i s  with that  method of measurement among 
the studies; whereas the d e v i a t i o n s  i n  Column 2 are a 
measure of the predictiveness of the d i f f e ren t  ob jec t ive  
methods within each study. 
Columns 2 and 3 show tha t ,  on the average, the rank order  
o f  merit  from best to  wors t ,  o f  the  severa l  ob jec t ive  methods 
of measurements, i s  as follows: 
1. PNdB 
T h i s  same ordering i s  found whether the  consistency of the 
measures within the s t u d i e s  (Column 2) o r  among t h e  s t u d i e s  
(Column 3) i s  considered. The same ordering (wi th  the  except ion 
of phons(2) which was not  ca lcu la ted)  i s  a l s o  found when d i f -  
fe ren t  types  of a i r c r a f t  a r e  judged t o  be equal ly  noisy as 
shown i n  Table 2b. However, perhaps the most s t r i k i n g  f e a t u r e  
of  the  ana lys i s  g iven  in  Table 2 i s  how small t h e  average 
d i f f e rences  a re  among these 5 measures i n  their  a b i l i t y  t o  
predict  the subject ive judgments .  
The r e s u l t s  l isted i n  Table 2 r e f l e c t  t h e  r e l a t i o n s  between 
subJective judgments and t h e  objective measurements when the 
various sounds are judged t o  be equal  in  loudness  or  no is iness  
t o  a reference sound cen te red  a t  1000 cps. Cohen and Scherger 
( ref .  9 )  evaluated these object ive methods by a d i f fe ren t  pro-  
cedure; using a method of paired comparisons they had sub jec t s  
rate the nois iness  (objec t ionableness)  of the sounds from 
trains ,  automobiles ,  and aircraf t ,  From these data Cohen and 
Scherger were able to :  1 sca le   t he   sub jec t ive   no i s ines s   o f  
the  sounds  studied  and, 21 c o r r e l a t e  by two d i f f e r e n t  statis- 
t i c a l  methods the s c a l e s  r a t i n g s  with the objective measure- 
ments. The co r re l a t ions  they  found are p resen ted  in  Table 3. 
Cohen and Scherger suggest tha t  only c o r r e l a t i o n s  above .gO 
can be cons idered  s igni f icant  for  their  study. Unlike the 
results p re sen ted  in  Table 2, the order ing  of  e f fec t iveness  of  
the octave and 1/3 octave band methods i s  reversed, wi th  phons(Z1 
being bet ter  than phons(S) or PNdB. However, as found In 
Table 2, the simple sound level  meter  values  d B ( A )  and d B ( C )  
were the l e a s t  a c c u r a t e  p r e d i c t o r s  o f  t h e  s u b j e c t i v e  r a t i n g s .  
Correlat ions between the subject ive rat ings and the var ious 
objective measurements for motor vehicle noise are shown i n  
f igu re  19. It should be n o t e d  i n  f i g u r e  19 that i n  these 
experiments in which the sub jec t s  were asked t o  rate only the 
sounds from motor vehicles, d B ( A )  is  o f t e n  as good o r  be t t e r  a 
p red ic to r  of judged loudness or noisiness (except when t h e  
vehic les  were diesel-powered trucks) than phons(Z), phons(S), 
o r  PNdB. The a b i l i t y  o f  d B ( A )  l e v e l s  t o  p r e d i c t  t h e  subjec t ive  
rat ings of  motor  vehicle  noise  i s  perhaps p a r t i a l l y  due t o  the 
homogeneity  of the spectrum of the sound. The spectrum of the 
sound from these vehic les  i s  always predominantly in the fre- 
quency region below 500 c p s  o r  so. 
There were va r ious ,  i n  most cases  unknown, fac tors  present  
i n  some of the s tud ie s  inc luded  in  Tables 2 and 3 and f igu re  19 
t h a t  make the resu l t s  presented  sugges t ive  rather than  de f in i -  
t ive .  For  example, some but  not  a l l  of the  sounds  contained 
strong but unspecified modulated and steady-state pure-tone 
components; the dura t ion  of  t h e  various sounds were not always 
the  same; some of the sounds were undoubtedly nois ier  than 
o thers ,  bu t  in  most of the s t u d i e s  the sub jec t s  were asked  to  
equate  only loudness;  in  some cases the reference sound centered 
a t  1000 cps was a d j u s t e d  t o  be e q u a l  t o  the comparison sounds 
s e t  a t  widely different  loudness  levels ,  whereas i n  o t h e r  
s tudies  only t h e  comparison sounds were a d j u s t e d  i n  l e v e l ,  e t c . ,  
e t c .  
I n  br ief ,  the r e s u l t s  o f  many if n o t  a l l  o f  t h e s e  v a l i d a -  
t i o n  tests contain unknown "e r ro r s "  o r  va r i ab le s ,  and t o  deduce 
the r e l a t i v e  merits of the various objective methods of pre- 
d i c t i n g  the sub jec t ive  r eac t ion  to  sounds, one  must a l s o  g i v e  
weight t o  t h e o r e t i c a l ,  l o g i c a l ,  and p rac t i ca l  cons ide ra t ions .  
On logical grounds,  d B ( C )  and d B ( A ) ,  being single measures 
taken over a l l  frequencies, should perform the worst of the 
objec t ive  methods in  es t imat ing  subjec t ive  loudness  or  no is i -  
ness  and,  in  our  opinion (except  for  the frequency weight ing 
used and lack of correction procedures for pure-tone components) 
phons(Z)  should be the best ,at  least for  loudness .  On the o the r  
hand, t he i r  rank order  of  merit would be reversed on the basis 
of ease of t h e i r  de te rmina t ion  in  prac t ice .  We be l i eve  that  
t h e  methods of measurement used in obtaining phons(S) and PNdB 
represent ,  from a measurement point of view a good compromise 
between phons(2) and the sim l e  d B ( C )  o r  d B 1 A )  measures; the 
f u l l  and p a r t i c u l a r l y  the 1 P 3 octave band measures r equ i r ed   fo r  
phons(S) and PNdB a r e  detailed enough t o  e x p e c t  good r e s u l t s  on 
the  basis of auditory theory and are more p r a c t i c a l  f o r  e n g i n -  
eering  purposes  than phons (Z j. 
Final ly ,  it i s  proposed tha t  it i s  the subjec t ive  nois i -  
nes s  o r  unwantedness of complex sounds and not the i r  loudness 
that i s  of primary i n t e r e s t  t o  t h o s e  i n v o l v e d  i n  community noise  
problems. It is for t h i s  reason that the frequency  weighting 
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and other procedures developed from experiments concerned with 
judgments of subjective noisiness,  rather than  the loudness of 
sounds, should predict with greatest accuracy and for a wider 
variety of sounds the subjec t ive  reac t ion  of  people  to  these 
sounds i n  real  l i f e .  
This  conclusion seems p a r t i c u l a r l y  j u s t i f i e d  when it i s  
noted, for example, tha t  t h e  subjec t  w i l l  judge  cer ta in  high- 
pitched sounds as well as complex sounds wi th  strong pure- 
tones as being much nois ier  than they are  loud.  
GENERAL CONCLUSIONS 
1. Zwickerfs  graphic method of  estimating  loudness is ,  from 
theore t ica l  cons idera t ions  of  the funct ioning of the  audi tory  
system, probably the b e s t  of the object. ive methods f o r  e s t i -  
mating  loudness. From a prac t ica l  s tandpoin t  it i s  perhaps too  
d i f f i c u l t  for general  engineering use.  
2. The octave  and 1/3 octave band objec t ive  methods [PNdB, 
phons(S), and phons(Z)] of calculating the loudness or n o i s i -  
ness  of more or less s teady-state  complex sounds of broadband 
spec t ra  appear on an  average  to  be about  equal ly  e f fec t ive  in  
t h e i r  a b i l i t y  t o  p r e d i c t  the r e s u l t s  of subjec t ive  judgment 
tests,  although PWdB g i v e s  s l i g h t l y  more cons is ten t  and pre- 
sumably v a l i d  r e s u l t s .  
3 .  The objec t ive  methods that  measure  one  value  over a l l  fre- 
quencies, dB( C )  and dB(A), a re  usua l ly  worse than PNdB, phons(Sb 
and phons(Z) i n  the prediction of subjective judgments of t h e  
loudness and noisiness of most complex steady-state sounds. 
d B ( A ) ,  however, i s  considerably b e t t e r  than d B ( C )  and f o r  some 
homogeneous low-pitched sounds, such as those from most motor 
vehicles ,  d B ( A )  may eva lua te  the i r  r e l a t ive  loudness  and n o i s i -  
ness  as  wel l  as phons(S), phons(Z), o r  PNdB. 
4. The above  conclusions  are  primarily for broad  spectra  sounds 
tha t  do not  contain  intense  pure-tone components. It i s  found 
t h a t  a pure tone embedded i n  a broad background spectrum makes 
the composi te  subject ively nois ier  or more object ionable  than 
would be predic ted  by the var ious object ive measures ,  including 
PNdB. A t e n t a t i v e  method of ad jus t ing  PNdB v a l u e s  t o  take i n t o  
account th i s  increased nois iness  due t o  the presence of pure 
tones embedded i n  a broad  background  spectrum i s  proposed. This  
method of adjustment appears to be v a l i d  f o r  sounds containing 
s i n g l e  pure tones but  may not be appropr i a t e  fo r  when seve ra l  
modulated pure tones are present .  
. , ._ .. . .. .. . . ._ . . . . . . . _. . 
5. It has been  found that increas ing  the  dura t ion  of a sound 
t e n d s  t o  i n c r e a s e  i t s  subjec t ive  nois iness .  PNdB values can be 
co r rec t ed  to  p red ic t  equa l  sub jec t ive  no i s ines s  ove r  the ra e 
of a t  least 2 t o  12 seconds and for levels a t  least between25 
t o  115 PNdB, by adding 4.5 dB for  each doubl ing of dura t ion  to '  
t he  PNdB value  ca lcu la ted  by normal procedures. 
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TAl3LE 1 
Center and cut-off frequencies and bandwidth of 
c r i t i c a l  bands, From Zwicker ( re f .  112).  
Number 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
18 
19 
20 
21 
22 
23 
24 
17 
Center 
Frequencies 
Hz 
50 
150 
250 
350 
450 
57 0 
7 00 
840 
1000 
1170 
1370 
3 600 
1850 
2150 
2500 
2900 
3400 
4000 
4800 
5800 
7000 
8500 
10500 
13500 
cu t  -off 
Frequencies 
Hz 
20 
100 
200 
300 
400 
510 
630 
770 
920 
1080 
127 0 
1480 
17 20 
2000 
2320 
2700 
3150 
37 00 
4400 
5300 
6400 
77 00 
9500 
12000 
15500 
Bandwidth 
Hz 
80 
100 
100 
100 
110 
120 
140 
150 
16 0 
190 
210 
240 
280 
320 
380 
450 
550 
700 
900 
1100 
1300 
1800 
2500 
3500 
39 
TABLE 2a 
C o l m  1 - Average difference between subjective and objective values.  
Column 2 - "Absolute deviation" of data about  average  d i f fe rence  ( see  tex t ) .  
Column 3 - "Absolute deviation" of average  d i f fe rence  va lues  in  Column 1 about  the average o f  Column 1. 
** PNdB values  are based on t h e  equal  nois iness  contours  publ ished by Kryter and Pearsons (refs.  42, 43). 
Note: The objective measures f o r  t h i n  t a b l e  were not  always provided i n  the  o r i g i n a l  a r t i c l e s  r e f e r r e d  t o  i n  t h e  
tab le .  In  those  cases  the  necessary  ca lcu la t ions  were made on the bas is  of  oc tave  or  l/3 octave band d a t a  
included i n  t h e  a r t i c l e s  or k i n d l y  s e n t  t o  u s  by the au thc r s .  In  some cases,  octave band s p e c t r a  were 
converted (by subtracting 5 dB) t o  1/3 octave band s p e c t r a  i n  o r d e r  t o  c a l c u l a t e  p h o n s  (Z). 
TABU 2b 
Differences between objective measurements (dB(C),  
dI3(A), pHons (S ) ,  phons (Z), and PNdB) for the  
sounds from d i f f e ren t  t ypes  of  a i r c r a f t  when they 
were judged t o  be equally noisy. 
H 1 Inves t iga tor (s )  rer (ref.   38)  
Copeland e t  a1 ( re f .  
r y t e r  + Pearsons 
( r e f .  41) 
I 
I Average 
1 2 3 
-7.4 I 2.6 I 3.4 
I I 
-4.4 I 1.7 I 0.4 I -5.1 I 1.9 I 0.4 I (no t   ca lcu la ted)  
I I 
PNdB ** 
-2.71 1.4 I 0.6 
Column 1 - Average difference between subjective and objective values.  
column  2 - "Absolute deviation" of data about average difference (see text). . 
Column 3 - "Absolute deviation" of average difference values  in  Oolumn 1 about the average of Column 1. 
were calculated by the Mark V I  method (ref.  99).  Phons (S)  i n  t h e  o t h e r  s t u d i e s  were calculated by 
** PNdB values are based on the equal noisiness contours published by Kryter and Pearsons (refs. 42, 43). 
Note: The object ive measures  for  this  table  were not always provided I n  t h e  o r i g i n a l  a r t i c l e s  r e f e r r e d  t o  i n  t h e  
table .  In those cases  the necessary calculat ions were made on the  basis of octave or If3 octave band da ta  
inc luded  In  the  a r t i c l e s  or kindly  sen t  to  us  by the authors.  In some cases, octave band spectra were 
converted (by subtracting 5 dB) t o  1/3 octave band s p e c t r a  i n  o r d e r  t o  c a l c u l a t e  phons ( Z ) .  
I 
TABLE 3 
Coef f i c i en t s  of cor re la t ion  be tween objec t ive  phys ica l  
measurements and sub jec t ive  r a t ings  of  the sound from 
various vehicles .  From Cohen and  Scherger (ref, 9 ) .  
Pearson  Product Spearman Rank 
Moment Coeff ic ien t  ( r )  Order Coeff ic ien t  (r* 
phons (Z) .96 .98 
PNdB 92 
.a3 
42 
' I  I I " I  
\ 
I I I I I I I I I  I I 1 I I 1 - 1  
\ EQUAL  LOUDNESS  CONTOURS 
\ "- ROBINSON AND  ADSON 84 PHONS PURE TONES, 
\ - CHURCHER  AND  KING 7 5  PHONS  FRONTAL I - -- FLETCHER  AND  MUNSON 75 PHONS J INCIDENT 
PURE TONE O R  BAND CENTER FREQUENCY IN CPS 
w 4= FIG. 1 COMPARISON OF EQUAL  OUDNESS  CONTOURS  FOR PURE TONES AND BANDS OF NOISE 
(From ref. 8 , 1 1  , 18, 36, 81 , 95) 
-lo' 0.0!!75 0.663 0.l25 0.!5 0.5 I !i! f! kc/s I 
Centre frequency .of octave- band - 
FIG. 2 SMOOTHED DIFFUSE FIELD EQUAL LOUDNESS 
CONTOURS FOR OCTAVE BANDS OF NOISE. 
(From Robinson and Whittle, ref. 87, 
Crown copyright reserved) 
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FIG. 3 DIFFERENCE BETWEEN SOUND PRESSURE 
SOUND FIELDS AT EQUAL LOUDNESS. 
LEVELS OF  FRONTALLY4  NCIDENT  AND DIFFUSE 
(From Robinson and Whittle, ref. 87, 
Crown cowriaht reserved) 
FIGURE 4. LOUDNESS COMPUTATION GRAPH 
(From Zwicker, ref. 109) 
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FIG. 5 BINAURAL SOUND-PRESSURE  LEVEL  AS A FIG. 6 RESULTS FROM LOUDNESS TESTS WITH 
FUNCTION OF MONAURAL SOUND-PRESSURE 18 OBSERVERS  BASED ON FRACTIONATION  DATA 
LEVEL  AT EQUAL LOUDNESS. (From Garner, ref. 24) 
(From He1 lman and Zwislocki, ref. 32) 
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100 I I I I I 1 I I I I 
X STANDARD - 40 db , I. 
SENSATION LEVEL IN DECIBELS 
F I G .  7 M E D I A N   L O U D N E S S   E S T I M A T E S  F O R  
T W O   R E F E R E N C E   S T A N D A R D S   N O R M A L I Z E D  
TO THE 40 d B  REFERENCE  STANDARD 
(From Hellman and Zwislocki, ref. 31) 
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A 8 0 d b  
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FIG.  8 M E D I A N   L O U D N E S S   E S T I M A T E S  AS A F U N C T I O N  
OF S E N S A T I O N   L E V E L   ( S L )   O B T A I N E D   W I T H  A REFERENCE 
NUMBER 10  A S S I G N E D  TO GIVE  REFERENCE S L ' S .  
(From Hellman and Zwislocki, ref. 31) 
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FIG. 9 A N  ILLUSTRATIVE SET OF DATA FIG. 10 A N  ILLUSTRATIVE LOUDNESS FUNCTION 
OBTAINED FROM A N  EQUISECTION CONSTRUCTED FROM THE DATA OF FIG. 9. 
PROCEDURE FOR LOUDNESS JUDGMENTS. (From Garner, ref. 24) 
(From Garner, ref. 24) 
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X AVERAGE OF 12 STUDIES  (ROBINSON)  
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ZWICKER AND PORT)  - 
H E L L M A N  AND ZWlSLOCKl - ---- IS0 AND  ASP,  STANDARD 
”GARNER (EQUAL  INTERVALS) - 
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F I G .  1 1  C O M P A R I S O N  OF B I N A U R A L   O U D N E S S  
RESULTS OF S E V E R A L   I N V E S T I G A T O R S  
(From Hellman and Zwlslocki, ref. 32) 
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METHOD OF PAIRED COMPARISONS 
“0.- NOISINESS; 
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METHOD OF INDIVID. ADJUSTMENT 
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REFERENCE BAND AT 1000 CPS 
FREQUENCY IN CYCLES PER SECOND 
F I G .  1 2  E Q U A L   L O U D N E S S  A N D  E Q U A L  NOISINESS J U D G M E N T S .  
(From Kryter and Pearsons, ref. 42) 
LABEL CONTOUR WITH LEVEL 
ff COWTOUR IN THIS BAN0 
FREQUENCY IN CPS 
FIG. 1 3  E Q U A L   A N N O Y A N C E  
C O N T O U R S   A N D   P U R E - T O N E  
C O R R E C T I O N   C U R V E S  F O R  
O C T A V E  B A N D S .  
(From Wells and Blazler, ref. 103) 
LABEL CONTOUR WITH LEVEL 
OF CONTOUR IN  THIS BU(0 
FREOUEHCY I N  CPS 
FIG. 1 4   E Q U A L   A N N O Y A N C E  
C O N T O U R S  A N D  P U R E - T O N E  
C O R R E C T I O N  C U R V E S  FOR 
1/3 O C T A V E  B A N D S .  
(From Wells and Blazier, ref. 103) 
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If LOUDNESS CALCULATION 
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NUMBER OF 1/3 OCTAVE BANDS WITHIN 5 dB OF TANGENT  CONTOUR 
F I G .  1 5  C O R R E C T I O N  FOR EFFECT OF 
SPECTRUM  SHAPE O N  A N N O Y A N C E .  
(From Wells and Blazier, ref. 103) 
ul w 
Octave T/N -10 -5 0 5  10 15  20 dB 
band T+N/AN ** 0 1 3 6 10 15  20 dB 
1/3 octave T/N -5 0 5 10  15 20  25 dB 
band T+N/AN 1 3 6 10  15 20  25 dB 
1/10 octave T/N 0 5 10 15 20 25 30 d B  
band T+N/AN 3 6 10 15 20 25 30 dB 
* Ratlo between level of tone and noire 
measured separately within a band. 
* * Ratio between level of band with tone and 
noise together and level of adjacent bands. 
F I G .  16 A D J U S T M E N T  TO BE A D D E D  TO SPL OF B A N D  C O N T A I N I N G  
P U R E - T O N E  C O M P O N E N T  PRIOR TO C A L C U L A T I O N  OF PERCEIVED NOISE LEVEL. 
(From Kryter and Pearsons, ref. 44) 
w w 
IO0 1000 
Band center frequency in CPS 
* Ratio between level of tone and n o i s e  
measured separately  within a band. 
** Rat10 between level of bund with tone and 
noise  together and level of  adjacent bands. 
7000 
F I G .  17 A D J U S T M E N T  TO B E  A D D E D  TO S P L  OF B A N D   C O N T A I N I N G , P U R E - T O N E  
CDMPONENT PRIOR TO C A L C U L A T I O N  OF PERCEIVED NOISE LEVEL. 
(From Kryter and Pearsons, ref. 44) 
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DURATION IN SECONDS - IODB BELOW MAXIMUM LEVEL 
F I G .  18  EQUALLY  ACCEPTABLE NOISES OF V A R I O U S   R I S E   T I M E S   A N D   D U R A T I O N S .  
(From Kryter and Pearsons, ref. 42) 
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I 
MlRA DIESEL 
(MILLS AND  ROBINSON) 
- k 
I - - I P Ndb 
dbA I - - I 
I OASPL I - 
I MlRA COMPOSITE I (MILLS AND  ROBINSON) 
I l l  
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rn 
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P NdB 
dbA 
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I I 
MlRA MOTORCYCLE 
(MILLS AND ROB1 NSON) 
l l  
SIL 
LLZ 
LLS 
PNdb 
dbA 
OASPL 
MlRA "PETROL" 
(MILLS AND  ROBINSON) 
SIL  
LLZ 
LLS 
PNdb 
w dbA 
I OASPL - I 
" . 
0.5 0.6 0.7 0.8 0.9 1 .o 
c o r r e l a t i o n   c o c f f i c l e n t  
* Calculated from octave band measurements. 
** Measured on A-Scale 
F I G .  1 9  C O R R E L A T I O N  C O E F F I C I E N T S  A N D  2 s  
C O N F I D E N C E   I N T E R V A L S  FOR VARIOUS  MEASURES 
OF S U B J E C T I V E   R E A C T I O N  TO V E H I C L E   N O I S E  
(From ref, 4) 
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